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ABSTRACT 
Name:   Muhammad Saleem 
Title:  Fabrication and characterization of iron oxide thin films prepared by the 
 thermal oxidation of iron 
Major Field: Physics 
Date of degree:  April, 2012 
 
Iron oxide thin films were deposited by electron beam (e-beam) evaporation from pure 
iron. Two types of evaporation were done. Firstly, iron was deposited in vacuum, and 
secondly, the reactive evaporation of iron was carried out in an oxygen atmosphere. 
Films were post-annealed in air in the temperature range 200 
o
C to 500 
o
C. The structural 
properties were investigated by X-ray diffraction, revealed the growth of α-Fe2O3 
(hematite). The films were polycrystalline with nanocrystallite size. The chemical 
properties of the films were determined from X-ray photoelectron spectroscopy, and 
highly reactive nature of iron oxide films was elucidated. The surface morphological 
properties of the films were determined using atomic force microscopy. The surface 
roughness and lateral mean grain size of the films were increased with annealing. The 
optical properties of the films, including the refractive index, extinction coefficient, 
absorption coefficient, and band gap were determined from spectrophotometric 
measurements. Films were highly transparent and exhibited high values of refractive 
indices. All the films had direct as well as indirect band gaps. The direct band gap values 
were 2.21 ± 0.03 eV and indirect band gap values were 1.98 ± 0.02 eV. 
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 ملخص الرسالت
 
  محـمـذ سـلـيـم:   الاســـــــــــــــــم
  تحضير ودراست طبقاث رقيقت مه أكسيذ الحذيذ بواسطت الأكسذة الحراريت للحذيذ:  عنوان الرسالت 
  فيـزيـــــاء:  مجال التخصص
  2102إبـريـل :  تاريخ التخـرج  
 
. يىبقش ٌزا البحث ححضيش طبقبث سقيقت مه أكسيذ الحذيذ بُاسطت حبخيش الحذيذ بأشعت الإلكخشَوبث
الأَلى حمثلج في حبخيش الحذيذ في َسظ مشبع ببلأكسجيه على : َ قذ حم ححضيش الطبقبث بطشيقخيه
طبقبث مسخىت َ غيش مسخىت ، َ الثبويت ٌي حبخيش الحذيذ في َ سظ مفشغ مه الٍُاء َ مه ثم 
الخصبئض .  دسجت مئُيت005 إلى 002أكسذحً عه طشيق حسخيىً في الٍُاء في دسجبث حشاسة مه 
َ أوٍب راث حشكيب  )3O2eF-(الخشكيبيت للطبقبث أَضحج أوٍب حخكُن مه أكسيذ الحذيذ الثلاثي 
َ ببلإضبفت لزلك، فإن الخحليل الكيميبئي أكذ دسجت الخفبعل الكبيشة للحذيذ مع . مخعذد البلُسة
خصبئض السطُح حمج دساسخٍب بُاسطت مجٍش القُة الزسيت ، حيث َجذ أن دسجت . الأكسجيه
مه الىبحيت الضُئيت حمج دساست . الخشُوت َ حجم البلُساث يخىبسببن طشيب مع اسحفبع دسجت الحشاسة
معبمل الاوكسبس َ معبمل الامخصبص َ طبقت الفجُة، حيث حبيه أن ٌزي الطبقبث حخميز بمعبملاث 
 .اوكسبس كبيشة َ أوٍب شفبفت
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CHAPTER 1  
Introduction 
The study of metal oxides is significantly important in many scientific disciplines like 
physics, chemistry, and materials science and engineering as far as fundamental studies 
and technological applications are concerned. There are many scientific issues that can be 
addressed, and applications that can be benefit from the study of these compounds. Iron 
oxide belongs to the family of transition metal oxides and has found important 
applications in various scientific and technological fields.  
1.1 PROPERTIES OF IRON OXIDES 
The known iron oxides are FeO (Wüstite), Fe3O4 (Magnetite), α-Fe2O3 (Hematite), γ-
Fe2O3 (Maghemite), β-Fe2O3 and ε-Fe2O3 [1–4]. These oxides exhibit different properties 
and stability due to which each oxide is important for research and certain applications. 
These oxides can transform into each other, depending on the growth conditions and 
growth techniques. A brief introduction to each of these oxides is given below. 
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1.1.1 Wüstite 
Wüstite is the phase of iron oxide which contains divalent cations (Fe
2+
). It has black 
color, with the chemical formula FeO, and known as ferrous oxide. It is one of the rare 
iron oxide and an important intermediate during the iron ores reduction. It has cubic rock 
salt like structure with lattice constant a = 0.4302 – 0.4275 nm [1,5]. In its crystal 
structure, O
2-
 anions form a cubic close packed face-centered cubic (fcc) sublattice with 
Fe
2+
 cations located in the octahedral interstitials [6].  
1.1.2 Magnetite 
This oxide is also of black color, and exists in nature as a mineral magnetite. It contains 
both Fe
2+
 and Fe
3+
 ions. It is also named as ferric oxide, and is formulated as Fe3O4. It has 
a cubic inverse spinel structure with lattice constant a = 0.8396 nm [1]. Its structure 
consists of cubic O
2-
 anions that form a cubic closed packed sublattice, with the 
tetrahedral interstitials occupied by Fe
3+
 cations and octahedral interstitials occupied by 
same numbers of Fe
2+
 and Fe
3+
 cations [6]. It is a ferrimagnet with a high Curie 
temperature about 585 
o
C, and is electronically conducting with highly spin-polarized 
conduction electrons [7]. Therefore, it is an interesting candidate for magnetic recording 
media or spin valve applications [8]. It has also drawn a great deal of interest for 
tunneling magnetoresistance (TMR) devices [5]. 
1.1.3 Hematite 
Hematite is the oldest known iron oxide, generally with red-blood color which is 
abundantly found in rocks and soils. It is written as α-Fe2O3 and has a hexagonal 
corundum (α-Al2O3) structure with lattice constants a = 0.50353 – 0.5034 nm and c = 
1.37495 – 1.3752 nm [1,9]. In its crystal structure, O2- anions form a hexagonal close 
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packed (hcp) sub lattice, while Fe
3+
 cations are distributed in the octahedral interstitials. 
It is the most stable phase of iron oxide, and therefore is the final oxide during the 
transformation from other iron oxides. Hematite is an antiferromagnetic material with a 
Neel temperature of 677 
o
C below the Morin transition at -13.15 
o
C, but shows 
ferromagnetic and paramagnetic natures at high temperatures [10]. 
Hematite is very important as a prototype candidate due to its technological uses as a 
catalyst [11,12] and photocatalyst [13]. Due to low cost and high stability and 
intermediate band gap, this material has shown a great interest for solar energy 
conversion applications. Additionally, there has been a great interest in the potential use 
of hematite in low cost processes to photocatalytically split water for hydrogen 
production [14,15].  It has been found broad range of applications due to its chemical 
stability and semiconducting properties such as humidity sensors and α-Fe2O3 doped with 
quadrivalent metal ions such as Si, Zr, Ti and Sn has been found to be sensitive to 
combustible gases [16,17]. It is also very important for alkaline batteries, electro-
chromic, and as a dielectric in microelectronic devices [18–22]. Because of its high 
refractive index and high absorption at short wavelengths, it is suitable for optical 
interface filters, especially long-wave pass filters [22]. 
1.1.4 Maghemite 
Maghemite is formulated as γ-Fe2O3 and it is a metastable phase at ambient conditions, 
but transforms into α-Fe2O3 when heated above 400 
o
C [23]. Maghemite is a 
ferrimagnetic material and has a cubic inverse spinel structure similar to magnetite with 
saturation magnetization of 390 kA/m [24,25].  However, it exists with Fe
2+
 deficiency 
and has lattice constant a = 0.83474 nm [1,26]. 
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γ-Fe2O3 films are routinely incorporated in high-density magnetic recording devices [27]. 
It is also a material of interest due its applications as a gas sensitive material [28], and 
catalysis [29]. It is also a promising candidate for integrated inductors and for microwave 
application due to its low conductivity, high saturation magnetization and high Curie 
temperature above room temperature [30].  
 1.1.5 β-Fe2O3 
This phase of iron oxide does not exist naturally. However it has been synthesized in 
laboratory. It is also metastable and coverts into α-Fe2O3 at temperature above 500
 o
C 
[31]. It has a body centered cubic (bcc) structure with lattice constant a = 0.9398 nm [32]. 
1.1.6 ε- Fe2O3 
This oxide has also been claimed only in laboratory so far. It is metastable and transforms 
to the α-Fe2O3 phase between 500 and 750 °C. Its structure is intermediate between the α- 
and the γ- phases. However, it has an orthorhombic structure with lattice constants a = 
0.5095 nm, b = 0.879 nm, and c = 0.9437 nm [1]. It is ferromagnetic with a Curie 
temperature of 750 °C [33]. 
1.2 LITERATURE REVIEW 
Due to the numerous applications of iron oxide thin films, various approaches have been 
explored to fabricate and characterize these materials. It should be noted that the 
experimental technique is one factor along with other factors, like growth mode, growth 
parameters, and post deposition treatment that influence the properties and structure of 
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the films. We will now consider the major deposition techniques that have been utilized 
in the deposition of iron oxide thin films. 
1.2.1 Spray Pyrolysis Technique 
Goyal et al. [34] reported the effect of substrate temperature (Ts) ranging from 400 
o
C to 
700 
o
C on iron oxide thin films grown on quartz substrates. They noticed the 
transformation of amorphous to crystalline structure of magnetite films at 500 
o
C. The 
films grown at 600 
o
C were exhibiting magnetite as well hematite phase. However, films 
were completely transformed into hematite phase at 700 
o
C.  
The influence of substrate temperature from 350 
o
C to 500 
o
C and growth time was 
investigated by A. A. Akl [19]. The amorphous α-Fe2O3 was fabricated at 350 
o
C but well 
polycrystalline rhombohedral phase of α-Fe2O3 was obtained for Ts > 350 
o
C. The longer 
growth time also made it possible to fabricate polycrystalline structure. The films had 
porous island structure and had significantly larger grain size. 
The doping of iron oxide by different type of elements is very important in certain 
applications. Stable Al-doped α-Fe2O3 thin films revealed the presence of an oxygen 
deficiency, and exhibited n-type conductivity, as was reported by Shinde et al. [18]. The 
presence of aluminum also enabled the increase of the direct band gap from 2.2 to 2.25 
eV. The grain size was also increased at some optimized doping concentration. 
Well crystallized α-Fe2O3 thin films were obtained from amorphous films after annealing 
them in vacuum for temperatures ranging 250 – 400 oC, as reported by Ouertani et al. 
[35]. The films were compact with granular structure and the average crystallite size was 
increased from 45 nm to 85 nm with increasing the annealing temperature. They also 
found that the films were exhibiting direct band gap values about 2.1 eV. 
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1.2.2 Chemical Vapor Deposition 
Pure and Sn-doped α-Fe2O3 thin films were fabricated by plasma enhanced chemical 
vapor deposition (PECVD) by Lee et al. [17]. The films were deposited on Al2O3 
substrates at various deposition temperatures up to 300 
o
C. Porous films with 
polycrystalline structure having about 10 nm crystallite size were obtained which are 
indeed suitable for gas sensing application. The films were found to be highly sensitive 
for i-C4H10 and CO gases but not for CH4 gas. It was observed that the post heat 
treatment at 550 
o
C and 650 
o
C improved the gas sensitivity.  
Thin films of iron oxide were also synthesized by K. Shalini et al. [36] using metal-
organic chemical vapor deposition (MOCVD) on fused quartz substrates. The pure 
polycrystalline Fe3O4 phase was obtained for substrate temperatures ranging 475 ̶ 550 
o
C, 
however there was a co-existence of α-Fe2O3 phase above 550 
o
C. It was also 
investigated that high oxygen partial pressure favors the formation of α-Fe2O3. The band 
gap of α-Fe2O3 (2.2 eV) is larger than band gap of Fe3O4 (0.5 eV). Therefore, α-Fe2O3 
films were more transparent than Fe3O4 films. The grain size and surface morphology 
were changed, which also confirmed the phase transformation with increasing substrate 
temperature. 
M. K. Singh et al. [37] studied the temperature dependence of the growth rate of iron 
oxide thin films deposited on Si (100) substrate using metal-organic chemical vapor 
deposition (MOCVD). The growth rates were studied in the temperate range of 400 – 600 
o
C. The polycrystalline structure of pure α-Fe2O3 phase was found. The shape and size of 
crystallites was also influenced by the growth temperature. 
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1.2.3 Pulsed Laser Deposition 
Maghemite thin films with either single crystal or with large oriented polysrystals, with 
common in-plane directions on MgO substrate were reported by Tepper et al. [38]. Iron 
oxide thin films were deposited by pulsed laser deposition (PLD). The influence of laser 
fluency on thickness and the correlation between film thickness and roughness of the 
films were also investigated. The obtained films were very smooth and uniform and their 
magnetic and optical properties were also determined. They found that absorption is 
lower in films deposited under a small oxygen pressure. 
In PLD, there are several experimental factors which can change the properties of thin 
films. Ouyang et al. [39] studied these experimental factors which included the laser 
energy, growth in vacuum, reactive environment and substrate temperature with ferric 
methacrylate as the source target. Iron rich Fe2O3 and α-Fe2O3 phases were obtained. 
Experimentally, it is possible to achieve two different phases using the same growth 
method with similar substrate and at constant temperature but with different ambient 
pressures. Shima et al. [40] fabricated iron oxide films with various growth temperatures 
and oxygen partial pressure on Si (001) substrate using PLD. α-Fe2O3 phase was obtained 
in oxygen ambient while γ-Fe2O3 phase was obtained under vacuum conditions at a 
growth temperature of 400 
o
C, along with polycrystalline structure. γ-Fe2O3 showed 
saturation magnetization very close to bulk γ-Fe2O3. However, it was inversely related to 
film thickness. The films consisting of α-Fe2O3 also showed ferromagnetic behavior. 
1.2.4 Sputtering 
FeO thin films grown from Fe3O4 target using ion beam sputtering on Si (001) substrates 
under oxygen ambient, were investigated by Kim et al. [4]. They studied the effect of 
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post annealing and substrate temperature on the films. The films of Fe3O4 were 
polycrystalline at room temperature. However nanocrystalline Fe phase was present at a 
substrate temperature of 300 
o
C, along with the Fe3O4 phase. Phase transformation to 
highly oriented FeO (200) was achieved by post-annealing at 600 
o
C. Initially the 
surfaces of the films were flat but were significantly roughened for high substrate 
temperatures. 
Polycrystalline hematite thin films deposited by DC reactive magnetron sputtering from 
99.95% pure Fe as a target, were reported by Miller et al. [21]. Thin films were grown 
under various conditions of oxygen partial pressure and at substrate temperature up to 
200 
o
C. The crystallite size was found to be increased with growth temperature, and was 
decreased with oxygen partial pressure. The growth on heated substrates promoted the 
mobility, and hence the conductivity, due to reduced inter-grain scattering for large 
crystallites. Both direct and indirect band gaps 1.95 ̶ 2.01 eV and 2.14 ̶ 2.2 eV 
respectively, were reported and the size of the crystallites was correlated with the band 
gap. 
1.2.5 Epitaxial Growth 
Multilayer growths of iron oxide thin films have many advantages in magnetic 
applications. In order to improve the magnetic properties of the films, epitaxial growth is 
desirable. The studies of surface and interface properties of iron oxide thin films on 
foreign single crystal substrate are very important. Ruby et al. [41] studied the surface 
and interface properties of iron oxide thin films on MgO (001) substrates. The growth 
was done using molecular beam epitaxiay (MBE) under ultra high vacuum conditions. 
Fe3O4 (001) thin films with 5 nm and 25 nm thicknesses were prepared and were 
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annealed in dry air at 400  ̶  600 K. The phase transformation from Fe3O4 to γ- Fe2O3 was 
observed at 500 K. The interdiffusion of magnesium and iron, and modification in 
chemical environment of magnesium was observed for low film thickness at higher 
temperatures. 
Hasegawa et al. [42] investigated the electrical and magnetic properties of γ- Fe2O3 (001) 
epitaxial films deposited MgO (001) substrates using ozone-assisted molecular beam 
epitaxy method. The resistivity of the films was found to be temperature-dependent and 
was as high as ~10
2
 Ω.cm. The cubic and uniaxial anisotropy constants were found. The 
decrease in the cubic anisotropy constant was supposed to be due to surface and lattice 
strain effects. 
Waddill et al. [43] investigated the growth mode of epitaxial iron oxide films on Ag 
(111) grown by two different methods. In the first growth method, iron films with a 
thickness of 1 ̶ 10 monolayers were deposited and then oxidized. The poorly-ordered Fe 
(110) structure was transformed into poorly-ordered FeO (111) structure after the 
oxidation. The second deposition was the sequential deposition of Fe films followed by 
oxidation, which resulted in crystalline FeO (111) growth. However, the thicker films 
were containing Fe3O4 (111) phase.  
1.2.6 Evaporation 
Aronnimei et al. [44] deposited iron oxide thin films from gas-phase on a glass 
substrates. They found γ- Fe2O3 at a growth temperature of 350 
o
C, whereas α- Fe2O3 was 
found at higher growth temperatures. The grain size was observed to increase between 
350 
o
C and 450 
o
C. It was also observed that by increasing the deposition time, the films 
were grown with Fe ions in divalent state. 
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Iron ultra-thin films were prepared by thermal evaporation of a high purity Fe by 
Corneille et al. [45]. The films were deposited on Mo (100) substrate in the 100 – 1500 K 
substrate temperature range. Iron oxide films were obtained from post-oxidation and in 
situ oxidation. The XPS results showed the phase changes for the thermal reduction of 
the Fe2O3 to Fe3O4 at ~550 K and Fe3O4 to FeO at ~750 K. 
High refractive index and high absorption at short wavelength of iron oxide thin films are 
highly desirable. Park et al. [22] investigated the optical and structural properties of 
Fe2O3 thin films. The films were deposited by conventional electron-beam evaporation 
and ion-beam assisted deposition (IBAD) on glass substrates and silicon wafers. The post 
annealing of the films improved the crystallite size and roughness of the films.  
Fujii et al. [46] analyzed the formation ranges of different phases of iron oxide. They 
deposited the iron oxide films using thermal evaporation of high purity iron metal on 
sapphire (0001).  It was observed that the oxidation degree of deposited iron oxides is 
dependent on oxygen partial pressure, substrate temperature and kind of substrates. From 
their results they generated the phase diagram for the formation of various phases of iron 
oxide under different conditions like substrate temperature and oxygen partial pressure. It 
was noticed that films thicker that 20 nm had Fe3O4 while γ- Fe2O3 was obtained for 
films thickness lower than 20 nm.  
Chiba et al. [47] prepared the ferrite (FeO-Fe2O3) thin films by electron beam 
evaporation of iron ingot on glass substrates. α-Fe2O3 was obtained by heating the iron 
films in an infrared oven at 400 
o
C for 120 min. Fe3O4 was prepared from the deposition 
of iron on α-Fe2O3 films and was annealed at 400 
o
C. Films were polycrystalline and the 
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effect of heating rates on the formation of Fe3O4 was investigated. Furthermore, the 
magnetic properties like saturation magnetization and coercive force were obtained. 
The interface properties of Fe2O3 were investigated by Jain et al. [48]. Thin films were 
grown using an electron beam evaporation technique from a pure Fe2O3 target on Si (001) 
substrates. Al and Cu buffer layers were used for interface properties and were explained 
on the basis of enthalpy of formation. They found that for the films deposited directly on 
Si substrates and on Al buffer layer, different phases of oxides SiO2 and Al2O3 were 
formed because the enthalpy of formation of these oxides is lower than the Fe2O3 phase. 
There were no other oxides when the films were deposited onto a Cu buffer layer because 
the enthalpy of formation for CuO is greater than Fe2O3.  
Ultra thin films (4 ̶ 6 nm) of FeO and Fe3O4 were deposited on Mg (100) substrates by 
thermal evaporation of pure iron. Ruby et al. [49] studied the structure and chemical 
stability of iron oxide against annealing temperatures from 300 – 1100 K. Wustite was 
found to be very unstable phase and was preserved as a thin film for very short time. The 
transformation of wustite into magnetite was noticed even at room temperature. The 
magnetite phase was observed to be stable even at high annealing temperatures. 
However, the traces of magnesium were detected after heating magnetite films at 700 K. 
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1.3 SCOPE OF WORK 
A plenty of research has been done so far in order to study the iron oxides thin films 
under different conditions by various deposition techniques. However, the existences of 
multiple phases of iron oxides during the films fabrication have been a great challenge. It 
is a great desire to fabricate the iron oxide thin films with single phase. The aim of this 
work was the growth of single phase Fe2O3 by one of the simplest techniques, e-beam 
evaporation, under feasible and more practical conditions. In comparison to previous 
studies, our study of growth of α-Fe2O3 is simpler and more practical for future 
applications of α-Fe2O3. Two growth techniques, both of which are based on electron 
beam evaporation, were used. In the first technique, pure iron was evaporated in vacuum. 
Subsequently, the iron films were annealed in air to oxide them. In the second technique, 
iron was reactively evaporated in an oxygen atmosphere, both on heated and unheated 
substrates. These films were annealed in air to investigate the improvement of their 
oxidation upon annealing. The resulting iron oxide phases, surface morphology, and 
surface chemical structure were investigated. Moreover, the optical properties of the 
resulting films were determined. 
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CHAPTER 2  
Experimental Techniques and Details 
2.1 E-BEAM EVAPORATION 
Electron beam (e-beam) evaporation is one of the most widely used thin film deposition 
techniques [50,51]. Figure 2.1 shows a schematic diagram of e-beam evaporation. An 
electron beam is thermionically emitted from a heated filament. The beam is accelerated 
and focused by electric and magnetic fields onto an evaporant material.  The filament 
cathode is potential biased with a high-voltage DC power supply, typically with a voltage 
range of 1 to 30 kilovolts. In order to deflect the electron beam in a 270
o
 circular arc and 
focus it on evaporant, a transverse magnetic field is applied. When the electron beam 
strikes the target surface, the kinetic energy of electrons is transformed into thermal 
energy. Thus the surface of the material becomes molten and eventually evaporates. The 
evaporant holder is water cooled in order to prevent it from melting. The evaporant 
materials in the form of vapors travel upward and deposit on the desired substrates.  
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2.2 ADVANTAGES OF E-BEAM EVAPORATION 
There are several advantages of e-beam evaporation over other techniques. Some of them 
are mentioned below. 
i. It is very easy to handle and operate. 
ii. It gives high purity thin films. 
iii. Many samples can be prepared during a single deposition. 
iv. It offers many desirable characteristics such as flexible deposition rates ranging 
from 1nm/minute to100 nm/minute. 
v. Deposition parameters can be controlled during the thin film growth. 
vi. It yields very smooth deposition. 
vii. It provides strong metallurgical bonding and polycrystalline microstructure. 
viii. It is capable of producing multilayered and nano-laminated metallic/ceramic 
coatings at relatively low temperatures. 
ix. It is useful for alloys depositions and for elements with low vapor pressure.  
15 
 
 
 
Figure ‎2.1. Schematic diagram of e-beam evaporation. 
 
 
 
 
 
 
 
Figure ‎2.2. Leybold L560 box coater. 
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2.3 THIN FILM DEPOSITION AND PROCESSING 
2.3.1 Thin Film Deposition 
Thin film deposition was carried out by electron-beam evaporation using a 4 kW electron 
gun in a Leybold L560 box coater (figure 2.2) that was evacuated by a turbomolecular 
pump. The starting material was solid iron granules (Alfa Aesar, purity 99.999%). The 
material was slowly out-gassed before evaporation. The system was pumped to a base 
pressure of 4 × 10
-4
 Pa. The films were deposited on fused silica for X-ray diffraction 
(XRD), atomic force microscopy (AFM), and for optical measurements. Films were also 
deposited on tantalum substrates for X-ray photoelectron spectroscopy (XPS) analysis. 
The substrates were rotating during the deposition, and the source–to–substrate distance 
was 40 cm. The evaporation rate was set at 0.2 nm/s while the thickness of the films was 
controlled by a quartz crystal thickness monitor. We deposited three sets of films 
i. Deposition on unheated substrates in vacuum (RW films). 
ii. Deposition on unheated substrates under an oxygen partial pressure of 0.1 Pa 
(RO films). 
iii. Deposition on heated substrates (300 oC) under an oxygen partial pressure of 0.1 
Pa (HO films). 
2.3.2 Annealing of the Films 
After deposition, the films were annealed in a horizontal tube furnace in air in the 
temperature range 200 
o
C to 500 
o
C for 4 hours. After annealing, the samples were cooled 
down to room temperature while they were still in the furnace. 
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2.4 CHARACTERIZATION TECHNIQUES 
Different characterization techniques were used to investigate the properties of the films. 
These are mentioned below. 
2.4.1 Thickness Measurement 
The thickness of the films was measured using a surface profilometer (Ambios XP-2). 
The XP2 stylus-based surface profilometer is a computerized, high-sensitivity surface 
profiler that measures surface flatness, curvature, roughness, waviness, and step height in 
a variety of applications. It has the ability to measure the step heights which is the 
thickness of the film from under 10 nm to as large as 400 μm precisely with an accuracy 
of ±5 nm without surface damage.  
Working Principle: It scans the surface using the semicircular tip and records the 
displacement in z (vertically) direction as a function of length x (laterally). As the tip of 
the profilometer moves at the edge of the thin film, it measures the small variation in z 
direction. This change in height position (step height) generates an analogue signal which 
is converted into digital signal stored, analyzed and displayed. The horizontal resolution 
is controlled by the scan speed and scan length. 
2.4.2 Structural Analysis 
X-ray diffraction (XRD) is an important technique to obtain information on an atomic 
scale from crystalline materials. It is used to characterize the crystallographic 
structure, crystallite size and preferred orientation in solid samples. 
Working Principle: XRD works on the basis of Bragg’s law. When a monochromatic X-
ray beam, with wavelength λ, is projected onto a crystalline material at an angle θ, then 
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the distance travelled by the rays reflected from successive planes must differ by an 
integer n of wavelengths [52].  
n λ = 2 d sin θ                                                             (2.1) 
where d is spacing between the atomic planes of the sample. The schematic diagram in 
figure 2.3 shows the geometry of Bragg’s law.  The diffracted waves interfere 
constructively, and represent the same symmetry as in the distribution of atoms. These 
diffracted X-rays are then detected, processed and counted in order to deduce the 
distribution of atoms in the material. 
The structure of our films was investigated by XRD using a Shimadzu XRD-6000 
diffractometer, employing Cu Kα (1.54 Å) radiation. The 2θ scan range was performed 
from 20
o
 to 80
o
 with 2θ step of 0.02o and with step acquisition time of 1.0 s. 
 
 
 
 
Figure  2.3. Schematic diagram of Bragg’s law of diffraction. 
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2.4.3 Surface Morphological Analysis 
Atomic force microscopy (AFM) is a high-resolution scanning probe microscopy 
technique, which provides resolution of the order of fractions of a nanometer of the 
surface of a material.  
Working Principle: AFM employes a cantilever made of silicon or silicon nitride with a 
sharp tip (probe) of the order of nanometers at its end that is used to scan the specimen 
surface. When the tip is brought near to the sample surface, forces between the tip and the 
sample lead to a deflection of the cantilever. The forces measured by AFM are 
mechanical contact forces, van der Waals forces, capillary forces, bonding forces, 
electrostatic forces, magnetic forces, Casimir forces, and salvation forces. The deflection 
is measured using a laser spot reflected from the top surface of the cantilever into an 
array of photodiodes. A feedback mechanism is employed to adjust the tip-to-sample 
distance to maintain a constant force between the tip and the sample [53]. A schematic 
diagram of an atomic force microscope is shown in figure 2.4. 
The surface morphology of our films was examined by tapping mode AFM (Veeco 
Innova diSPM). The sample surface was probed with a silicon tip of 10 nm radius 
oscillating at its resonant frequency of 300 kHz.  
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Figure ‎2.4. Schematic diagram of the working principle of an atomic force microscope. 
 
 
 
 
 
 
 
2.4.4 Chemical Composition  
X-ray photoelectron spectroscopy (XPS) is a surface chemical analysis technique that is 
used to analyze the surface chemistry of a material. It provides detailed information about 
the chemical composition of the surface usually down to depth of 1  ̶  10 nm.  
Working Principle: XPS is based on the photoelectric effect [54]. When a mono-energetic 
X-ray beam is directed onto the surface of the material, the energy of the X-ray photon is 
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absorbed by the core electrons of the atoms of the material. If the energy of the photon 
can knock out an electron from the atom, then the electron leaves the surface of the 
material with kinetic energy Ek. The emitted electron is called a photoelectron. Then the 
binding energy of the core electron is given by Einstein’s relation: 
𝑕𝜈 = 𝐸𝑏 + 𝐸𝑘 + 𝜙                                                                              (2.2) 
𝐸𝑏 =  𝑕𝜈 −  𝐸𝑘 + 𝜙                                                                           (2.3) 
where hν is incident photon energy, Eb is binding energy of electron, and ϕ is the work 
function of the spectrometer. From the binding energy and intensity of a photoelectron 
peak, the elemental identity, chemical state, and quantity of an element are determined. 
Figure 2.5 represents a schematic diagram of the basic principle of XPS. 
For our films, XPS was performed in a VG Scientific ESCALAB MKII spectrometer 
equipped with an Al Kα (1486.6 eV) X-ray source. Prior to the XPS analysis, the samples 
were transferred in air to the XPS analysis chamber. The C 1s peak of hydrocarbon 
contamination, at a binding energy of 284.5 eV, was used as an energy reference. During 
the XPS analysis, the samples were maintained at ambient temperature at a pressure of  
5 × 10
-7
 Pa. XPS was performed on samples deposited on tantalum substrates, since the 
charging effects will be less for these substrates. 
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Figure ‎2.5. Schematic diagram of the basic principle of X-ray photoelectron  
 spectroscopy. 
 
 
 
2.4.5 Optical Measurements 
The optical properties of a material deposited as a thin film are found by optical 
measurements. From these optical measurements, the information about band gap, 
absorption coefficient, and refractive index can be extracted. The interaction of radiation 
with thin films is demonstrated in a schematic diagram in figure 2.6. When the radiation 
interacts with the material of the thin films, a fraction R is reflected from the top surface 
of the film and a fraction T are transmitted through the film material. Some fraction of the 
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radiation is absorbed (A) by the films as well as scattered (S) at surface and volume 
imperfections. Adding all contributions, it is generally written as: 
𝑅 + 𝑇 + 𝐴 + 𝑆 = 1                                                   (2.4) 
 
 
 
 
Figure ‎2.6. Basic principle of optical measurements of a thin film. 
 
 
Normal-incidence reflectance (R) and transmittance (T) were measured over the 
wavelength range 200  ̶  1200 nm using a Jasco V-570 double beam spectrophotometer. 
Double beam spectrophotometer: A spectrophotometer is a device that is used to measure 
the intensity of light as a function of its wavelength. A double beam spectrometer 
compares the light intensity between two light paths, one path containing the reference 
beam and the other the test sample. Light sources, diffraction gratings, filters, photo 
detectors, and signal processors are the various parts of spectrophotometer. 
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The light source provides light with wavelength in Vis, UV, and NIR ranges. The filters 
and diffraction grating separate light into its component wavelengths so that very small 
range of wavelength can be directed onto the sample. The sample compartment permits 
the entry of no stray light while at the same time without blocking any light from the 
source. The photo detector converts the amount of light which it had received into a 
current which is then sent to the signal processor. The signal processor converts current 
into absorbance, transmittance and concentration values which are then sent to the 
display.  
In transmission measurements the spectrophotometer quantitatively compares the amount 
of light that passes through the reference beam and the sample and for reflectance it 
compares the amount of light reflected from the reference beam and sample. 
 
 
 
Figure ‎2.7. Schematic diagram of a double beam spectrophotometer. 
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CHAPTER 3  
Structural Properties 
3.1 THICKNESS MEASUREMENTS 
The thickness set by the quartz crystal was 200 nm during the deposition process. 
However, the final thickness was measured by a stylus profilometer. The final thickness 
of the films was found to be different from the quartz crystal, which is due to the fact that 
the substrates were rotating whereas the quartz crystal was stationary. Moreover, iron has 
different sticking coefficients on quartz crystal as compare to fused silica. The final 
thickness of films deposited on unheated substrates under vacuum (RW) and films 
deposited on heated substrates, under oxygen ambient (HO) was less than the thickness 
set by quartz crystal monitor. However, the final thickness of RO films which were 
deposited on unheated substrates, under oxygen ambient was higher than the set thickness 
during the deposition. The lower thickness of the films deposited on heated substrates 
may be attributed to the lower sticking coefficient of the constituent elements due to 
substrate heating. The chemisorption  of  oxygen  is  much stronger  at  lower  
temperatures, thus the  sticking  probability is increased [45] 
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Annealing of the films also changed the final thickness of films. Figure 3.1 shows the 
variation of the thickness of the films as a function of annealing temperatures (Ta). The 
thickness of as-deposited iron films that were evaporated in vacuum (RW films) was 113 
nm. This value was slightly reduced to 100 nm upon annealing at 200 
o
C. However, the 
thickness of the films was drastically increased to 220 nm when the films were annealed 
at 300 
o
C. Thereafter, the thickness of films was slightly increased to 225 nm and 229 nm 
at 400 
o
C and 500 
o
C, respectively. The drastic increase at 300 
o
C may be attributed to the 
onset of oxidation conformed by the XRD results. The final thickness of RO films was 
changed slightly upon annealing. The thickness of as-deposited RO films was 241 nm 
and was increased to 250 nm during annealing up to 500 
o
C. The thickness of HO films 
was 145 nm, with thickness variation less than 1% upon annealing up to 500 
o
C. The 
uncertainty in the thickness of the films was ±5 nm. 
 
 
 
 
 
 
 
 
 
 
  
27 
 
 
 
 
 
As-deposited
0
Annealing Temperature (
o
C)
200 300 400 500
F
il
m
 T
h
ic
k
n
e
ss
 (
n
m
)
50
100
150
200
250
RW films
RO films
HO films
 
 
Figure ‎3.1. Variation in the thickness of the films with annealing temperature. 
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3.2 X-RAY DIFFRACTION (XRD) ANALYSIS 
The XRD patterns of the films deposited under different experimental conditions and post 
annealed at various temperatures are shown in figures 3.2, 3.3, and 3.4. All the films 
exhibited the polycrystalline structure. Identification of material phases and peak 
assignments were based on data from the International Center for Diffraction Data 
(ICDD) [55]. Figure 3.2 shows the effect of annealing on RW films. The as-deposited 
films indicated the presence of pure elemental iron, with cubic structure with preferred 
orientation along (110) direction. The same behavior was observed when the films were 
annealed at 200 
o
C. There was no trace of iron oxide within the detection limit of XRD at 
this annealing temperature. However, the films showed the formation of iron oxide at 
annealing temperature of 300 
o
C.  The films obtained the α-Fe2O3 phase along with pure 
iron. This indicates the onset of oxidation at this annealing temperature. Complete 
oxidation was achieved at 400 
o
C, where no traces of elemental iron were observed. The 
films showed similar behavior while annealing at 500 
oC.  The α-Fe2O3 phase was 
obtained after complete oxidation without any trace of elemental iron or any other phase 
of iron oxides. The most dominant growth was along the (104) direction. Figure 3.3 
shows the XRD patterns of RO films which were reactively evaporated films on unheated 
substrates. No peaks due to elemental iron were detected, indicating complete oxidation 
of the as-deposited films. Annealing of these films up to 500 
o
C did not affect either 
polycrystallinity or the phase of iron oxide. All peaks belonged to the α-Fe2O3 phase with 
dominant growth orientation along (110) direction according to ICDD files. The XRD 
results of HO films that were reactively evaporated films on heated substrates are shown 
in figure 3.4. The preferred growth direction was along the (104) and (110) directions. 
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Annealing of the films did not change the polycrystallinity or phase of the material. 
However, HO films exhibited more polycrystalline structure than RO films. This is 
because of the fact that substrate heating enhances the diffusion of atoms adsorbed on the 
substrate, and accelerates the migration of the atoms to energy favorable positions, 
resulting in the enhancement of the crystallinity [56]. 
The average crystallite size D of the films were estimated by using the Scherrer’s 
equation[18,57]: 
𝐷 =
0.9 𝜆
𝛽 𝑐𝑜𝑠𝜃
                                                                        (3.1) 
where λ is the wavelength of X-ray, β is the full width at half maximum of the peak, and 
θ is the diffraction angle corresponding to that peak.  
The most intense peak in every XRD pattern was used to calculate the crystallite size. 
The calculated crystallite sizes D are given in Table 3.1. The crystallite size of RW films 
was the lowest. However with the formation of iron oxide, the size of crystallites was 
increased. The crystallite size did not change significantly for the reactively evaporated 
films. The crystallite size of RO films was 14.5 ± 0.4 nm at different annealing 
temperatures. The HO films also showed very small variation in the crystallite size which 
was 14.7 ± 0.2 nm very similar to the RO films. These crystallite sizes reflect the nano-
crystalline nature of films. 
There are several factors that influence the crystallinity of thin films like (i) deposition 
technique, (ii) substrate nature (iii) substrate temperature, (iv) deposition rate, (v) oxygen 
partial pressure, and (vi) annealing temperature, atmosphere, and heating rate. Therefore, 
it is not unusual to find widely scattered results on the crystalline structure of thin films 
of a given material. However, our XRD results are consistent with the previous studies on 
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iron oxide thin films. Chiba et al. [47] also reported the growth of polycrystalline iron 
oxide thin films fabricated by e-beam evaporation of pure iron. The pure iron films were 
transformed to α-Fe2O3 with (110) dominant orientation upon heating at 400 
o
C. The 
effect of deposition under an oxygen atmosphere was investigated by Fujii et al.[46]. 
Their results showed that more oxidized phases were obtained at low substrate 
temperatures and high oxygen partial pressure. The phase diagram for the formation of 
iron oxides as a function of the substrate temperature and oxygen partial pressure is 
shown in figure 3.5. In our results, the formation of α-Fe2O3 phase is consistent with the 
phase diagram. 
 
 
Table ‎3.1. Crystallite size as calculated from XRD spectra. 
 
Ta (
o
C) 
Crystallite size  (nm) 
RW films RO films HO films 
As 10.2 14.1 15.0 
200 10.2 14.5 14.6 
300 13.3 14.9 14.9 
400 14.9 14.5 14.5 
500 14.4  14.6 14.6 
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Figure ‎3.2. XRD patterns of the films deposited on unheated substrates in vacuum  
  (RW films), and annealed in air at the temperatures indicated on the figures. 
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Figure ‎3.3. XRD patterns of the films deposited on unheated substrates in oxygen  
 (RO films), and annealed in air at the temperatures indicated on figures. 
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Figure ‎3.4. XRD patterns of the films deposited on heated substrates in oxygen  
  (HO films), and annealed in air at the temperatures indicated on figures. 
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Figure ‎3.5. Phase diagram for Fe, Fe3O4 and α-Fe2O3 as functions of substrate 
 temperature (Ts) and oxygen partial pressure PO2. Ref.[46].    : (110) - 
oriented Fe metal,    : randomly oriented Fe3O4,     : (111)- oriented Fe3O4,  
     : (0001)- oriented α-Fe2O3. 
 
 
 
 
 
 
 
 
 
   
35 
 
3.3 MORPHOLOGICAL ANALYSIS 
AFM was used to characterize the surface morphology of the films, and to estimate the 
surface root-mean-square roughness (Rrms) and the lateral (surface) grain size. Figure 3.6 
shows the three dimensional AFM images of films deposited in vacuum on unheated 
substrates (RW films). The morphology of the as-deposited films was characterized by 
irregular grains with an Rrms value of 2.0 nm. Annealing these films at 200 
o
C reduced 
Rrms to 1.7 nm without a significant change in morphology. Annealing at 300 
o
C resulted 
in oriented vertical growth of the grains accompanied by a significant increase in Rrms to 
5.3 nm. The conversion into vertical growth may be attributed to the increase in 
thickness. A similar behavior was observed in aluminum-doped zinc oxide thin films 
[58]. Further annealing up to 500 
o
C did not change the morphology, although Rrms 
progressively increased to 7.2 nm. The roughness behavior against annealing temperature 
of these films is shown in figure 3.7. 
Figure 3.8 shows the variation of lateral mean grain size with annealing temperature. The 
lateral mean grain size was increased monotonically with annealing and the increase in 
lateral grain size was due to the fusion of adjacent grains when sufficient energy is 
provided by the annealing process [59].  
The morphology of reactively evaporated films on unheated substrate (RO films) is 
shown by the three dimensional AFM images in figure 3.9. The as-deposited films had a 
columnar microstructure but transformed into granular structure while annealing at 200 
o
C and 300 
o
C. The films showed a smooth surface structure at 400 
o
C which may be due 
to the coalescence of grain boundaries of granular structure.  However, the surface turned 
back into columnar structure when the films were annealed at 500 
o
C. The films 
36 
 
deposited on heated substrate in oxygen (HO films) showed columnar structure 
throughout the annealing process as shown by the AFM three dimensional images in 
figure 3.10. The columnar microstructure of RO and HO films at 500 
o
C may be 
explained on the basis of  the Thornton structure zone model [60], which predicts such a 
structure for 0.3 <  T/Tm < 0.5, where Tm  is the melting point of the material. In our case, 
T = 773 K and Tm = 1840 K. The validity of this model is supported by the XRD results, 
which indicated that these films consisted of a single phase material (α-Fe2O3).  
The variations in lateral mean grain size with annealing of these films is shown in figure 
3.8. RO and HO films had larger lateral mean grain size at annealing temperature 300 
o
C 
and 400 
o
C, but decreased at 500 
o
C. The surface roughness Rrms = 2.8 ± 0.3 nm of RO 
films, and Rrms = 2.5 ± 0.2 of HO films, did not change significantly with annealing 
temperatures. Figure 3.7 also shows the behavior of roughness of these films with 
annealing. 
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Figure  3.6. Three dimensional AFM images of the films deposited on unheated 
substrates in vacuum (RW films), and annealed at indicated temperatures. 
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Figure  3.7. Surface roughness of the films obtained from AFM as a function of annealing 
temperature. 
 
 
 
 
 
 
 
 
 
 
 
 
39 
 
 
 
 
 
 
 
 
 
As-deposited
Annealing Temparture (
o
C)
0 100 200 300 400 500 600
L
a
te
r
a
l 
M
e
a
n
 G
r
a
in
 S
iz
e
 (
n
m
)
0
10
20
30
40
50
60
70
80
RW films
RO films
HO films
 
 
Figure ‎3.8. Lateral mean grain size of the films obtained from AFM as a function of 
annealing temperature. 
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Figure ‎3.9. Three dimensional AFM images of the films deposited on unheated 
substrates in oxygen (RO films), and annealed at indicated temperatures. 
 
 
 
 
 
 
41 
 
 
         
As-deposited                                                        200 
o
C 
         
300 
o
C                                                                 400 
o
C 
 
  500 
o
C 
 
 
Figure ‎3.10. Three dimensional AFM images of the films deposited on heated substrates 
in oxygen (HO films), and annealed at indicated temperatures. 
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CHAPTER 4  
Chemical Properties 
The iron 2p level consists of two sublevels, 2p3/2 and 2p1/2 due to spin-orbit splitting. The 
2p3/2 level consists of different binding energies which depend on the oxidation state of 
iron. The most common oxidation states of iron are metallic iron (Fe
0
), ferrous oxide 
(Fe
2+
), and ferric oxide (Fe
3+
). The binding energy of Fe 2p3/2 in metallic iron (Fe
0
), is in 
the range 706.7 – 707.4 eV [45,61–63].  The reported values for the binding energy of Fe 
2p3/2 in the Fe
2+
 state are in the range 709.3 – 710.0 eV  [45,61–66]. The reported values 
for the binding energy of Fe 2p3/2 in the Fe
3+
 state are in the range 710.6 – 711.6 eV 
[45,61–67]. The shake-up satellite peaks at the high binding energy side of 2p3/2 are 
considered to be characteristic of the Fe
2+
 and Fe
3+
 states. Theses satellites exist at 
different binding energies for different oxidation states. Therefore, these are frequently 
used in order to identify the iron oxide phases. The satellite peaks for FeO have been 
found at binding energies in the range 715 – 716 eV [45,61], and for Fe2O3 at binding 
energies in the range 719.0 – 719.8 eV  [45,61,64,66]. Magnetite (Fe3O4) contains ⅓ Fe
2+
 
ions and ⅔ Fe3+ ions [66], and has no satellite structure [61]. Detailed values for the 
binding energies in the Fe 2p3/2 region can be found in Ref. [61]. 
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The O 1s spectrum in iron oxides consists of two components. The first component which 
is at the low binding energy (LBE) side corresponds to the Fe–O bond. The range of 
binding energies of the LBE component is 529.8 – 530.6 eV, and is independent of the 
oxidation state of iron [45,61,62,66,67]. The second component in the O 1s spectrum is at 
the high binding energy (HBE) side which corresponds to a binding energy ≥ 532 eV. 
This component is attributed to  chemisorbed oxygen or absorbed moisture [45,62]. 
There have been some difficulties in interpreting XPS data related to iron oxides. These 
difficulties have been attributed to several factors. First, the correlation effects among the 
Fe 3d and O 2p states give rise to complicated multiplet structures [67]. Second, it is very 
difficult to prepare clean surfaces with controlled stoichiometry, and XPS spectra are 
easily influenced by the presence of contamination such as water and hydrocarbons at the 
surface [67]. Third, the binding energies were found to depend on the thickness of the 
oxide films. Variations of as much as 0.5 eV have been reported for films of different 
thicknesses [3]. In the case of oxidation, this is explained as follows. At first FeO is 
formed, then as the oxide thickness increases, Fe2O3 and Fe3O4 are formed on top of the 
FeO layer [62]. Finally, several levels were used as the binding energy reference, such as 
the gold Au 4f7/2 [61,68], the carbon C 1s although with different binding energies 
[62,69], the molybdenum Mo 3d5/2 [45], and the oxygen O 1s [44,67,70]. 
A typical XPS wide survey scan is shown in figure 4.1, and reveals that the only elements 
present were the constituent elements (Fe and O) and adventitious carbon. In addition to 
the wide survey scans, detailed high-resolution spectra were obtained in the Fe 2p and O 
1s core level regions. The Fe 2p spectra for films deposited in vacuum on unheated 
substrates (RW films), films deposited on unheated substrates in oxygen (RO films) and 
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films deposited on heated substrates in oxygen ambient (HO films) are shown in figure 
4.2, figure 4.3 and figure 4.4, respectively. The Fe 2p3/2 peak broadening for all films is 
due to the existence of multiple oxidation states of iron. Also, the Fe 2p3/2 spectrum had a 
highly asymmetric lineshape due to the presence of several oxidation states and satellites. 
In order to investigate the presence of different oxidation states of iron, the Fe 2p3/2 
spectrum was resolved into constituent components using a Gaussian/Lorenzian mixed 
function employing Shirley background correction, as shown in figure 4.5. The weight 
(W) of a component was found by dividing the area under that component by the total 
area under the Fe 2p3/2 peak. Initially, we attempted to resolve the Fe 2p3/2 into three 
components (Fe
0
, Fe
2+
, Fe
3+
). However, the metallic component (Fe
0
) was only found in 
as-deposited RW films (figure 4.2), with a very small weight of 0.02. Thus, the Fe 2p3/2 
peak was resolved into two components (Fe
2+
 and Fe
3+
). These components were not well 
separated due to strong multiplet splitting [45]. The binding energies (BE), weight (W), 
and the full width at half maximum (Γ) of the two components are listed in table 4.1. The 
spin orbit splitting (δ2p) between the Fe 2p3/2 and the Fe 2p1/2 peaks is also given in table 
4.1. Its value was very close to that reported in the literature [62,69]. The XPS results 
indicate that the surfaces of the iron films were oxidized as soon as they were exposed to 
air. Exposure of iron to oxygen, even at room temperature, results in the adsorption of 
oxygen and the formation of a few monolayers of Fe
2+
and Fe
3+
oxides [45,62]. As-
deposited RW films were not showing apparent satellite features and had 2p3/2 peak at a 
binding energy of 710.9 eV. This indicated the formation of Fe3O4 as the films were 
exposed to the air/moisture environment. However in all other films, the satellite peaks 
were observed. The satellites were observed at binding energies of 18.5 ̶ 19.7 eV, 
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characteristic of Fe2O3. There were no satellites observed at binding energies of 715 – 
716 eV, indicating no signature of FeO. The lack of the satellites characteristic of films 
reveal the presence of Fe3O4 on the surfaces of the films. Although the XRD results 
showed that the annealing of iron resulted in the formation of Fe2O3, the XPS results 
indicated that the surface of the films contained both Fe3O4 and Fe2O3 species, albeit with 
a predominant Fe2O3 component. 
The O 1s spectra were resolved into two components as shown in figure 4.6. The first 
component (LBE) corresponds to oxygen bound to iron. The second component (HBE) 
corresponds to chemisorbed oxygen. The binding energy (BE), weight (W), and full 
width at half maximum (Γ) of each component are given in Table 4.1. On average, the 
HBE component was 12% of the total O 1s peak for films deposited on unheated 
substrates (RW and RO films). Its value was significantly reduces to 6% for film 
deposited on heated substrates (HO films). The intensity of this component is partly 
proportional to the amount of adsorbed water, which in turn is expected to increase with 
the porosity of the films. This is consistent with the compact nature of HO films, as 
revealed by their lower thickness. 
Iron oxide (Fe2O3) thin films were also analyzed quantitatively. Table 4.2 showed the 
obtained values of oxygen to iron ratio [O/Fe]. For Fe2O3, the [O/Fe] is 1.5, however the 
values obtained (as shown in table) are higher than 1.5. We noticed that this discrepancy 
is due to two reasons. Firstly, unfriendly behavior of software during the analysis, 
secondly,  the asymmetric and broad nature of O 1s peaks obtained from XPS analysis. 
The excess of high binding energy oxygen (moisture) and lack of information, like peak 
width and peak height etc. of low binding energy oxygen (lattice oxygen). In order to 
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obtain the desire [O/Fe], a pure Fe2O3 as reference is required to analyze. Then the 
information of multiple components peaks of O 1s of pure Fe2O3 can be use as reference 
for all thin films to get the acceptable [O/Fe]. 
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Table ‎4.1. Summary of the XPS results of the films. 
Type Ta 
(
o
C) 
 Fe 2p3/2  O 1s  
(eV) 
   Fe
2+
 Fe
3+
   LBE HBE  
   BE 
(eV) 

(eV) 
W BE 
(eV) 

(eV) 
W Sat. 
(eV) 
2p 
(eV) 
 BE 
(eV) 

(eV) 
W BE 
(eV) 

(eV) 
W   
RW As  709.8 3.1 0.46 711.3 3.7 0.52 --- 13.8  530.0 2.1 0.87 532.0 1.6 0.13  180.9 
 200  709.9 1.7 0.18 711.2 3.7 0.82 718.6 13.5  529.9 1.9 0.87 532.0 1.8 0.13  181.0 
 300  709.7 1.8 0.25 711.4 3.5 0.75 718.6 13.3  529.7 1.9 0.86 532.0 2.0 0.14  181.1 
 400  709.9 1.6 0.16 711.6 3.6 0.84 718.6 13.6  529.8 1.7 0.89 531.9 1.9 0.11  181.3 
 500  710.0 1.6 0.11 711.3 3.6 0.89 718.9 13.3  530.0 1.9 0.92 531.7 2.0 0.08  181.2 
                    
RO As  709.8 1.8 0.19 711.2 3.5 0.81 719.0 13.6  530.0 2.1 0.88 532.6 2.0 0.12  181.1 
 200  710.0 1.7 0.18 711.3 3.9 0.82 718.6 13.7  530.0 2.3 0.91 532.6 1.9 0.11  181.0 
 300  709.9 1.7 0.19 711.3 3.6 0.81 719.3 13.2  529.8 2.0 0.86 532.0 2.0 0.14  181.1 
 400  709.9 1.7 0.16 711.0 3.7 0.84 719.7 13.7  529.8 2.1 0.90 532.4 2.2 0.10  181.1 
 500  709.9 1.7 0.19 711.4 3.9 0.81 719.5 13.8  529.7 1.9 0.90 532.0 2.0 0.10  181.2 
                    
HO As  709.7 1.8 0.20 711.3 3.7 0.80 719.3 13.2  529.8 1.9 0.94 532.3 1.9 0.06  181.1 
 200  709.7 1.8 0.24 711.3 3.9 0.76 718.5 13.7  529.6 2.2 0.94 532.2 2.0 0.06  181.2 
 300  709.9 1.7 0.20 711.2 3.9 0.80 718.8 13.3  530.0 2.0 0.92 532.5 2.1 0.08  180.7 
 400  709.8 1.6 0.17 711.4 3.6 0.83 719.1 13.9  529.9 2.0 0.98 532.4 1.8 0.02  181.1 
 500  709.7 1.8 0.24 711.3 3.5 0.76 718.6 13.6  529.7 1.7 0.98 532.3 2.4 0.02  181.1 
2p is the BE difference between the Fe2p3/2 and Fe 2p1/2 peaks,  is the BE separation between the Fe 2p3/2 and O 1s peaks, W is the 
weight of the component,  is the full width at half maximum, Sat. is the satellite peak. 
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Table ‎4.2. Summary of quantitative results of the films. 
 
Films 
Annealing 
temperature 
(
o
C) 
 
Fe 2p3/2 
 
O 1s 
 
[O/Fe] 
[AT]% SF [AT]% SF 
RW As 33.5 10.82 66.5 2.93 2.0 
200 21.2 10.82 78.8 2.93 3.7 
300 25.8 10.82 74.2 2.93 2.9 
400 33.7 10.82 66.3 2.93 2.0 
500 13.8 10.82 86.2 2.93 6.2 
RO As 21.1 10.82 78.9 2.93 3.7 
200 19.8 10.82 80.2 2.93 4.0 
300 21.7 10.82 78.3 2.93 3.6 
400 25.5 10.82 74.5 2.93 2.9 
500 20.5 10.82 79.5 2.93 3.9 
HO As 23.7 10.82 76.3 2.93 3.2 
200 24.1 10.82 75.9 2.93 3.1 
300 23.4 10.82 76.6 2.93 3.3 
400 25.7 10.82 74.3 2.93 2.9 
500 24.2 10.82 75.8 2.93 3.1 
*SF is the sensitivity factor 
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Figure ‎4.1. A typical XPS wide survey scan of the films. 
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Figure ‎4.2. Fe 2p spectra of the films deposited on unheated substrates in vacuum  
 (RW films), and post annealed at 200  ̶  500 oC. 
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Figure ‎4.3. Fe 2p spectra of the films deposited on unheated substrate in oxygen  
(RO films), and post annealed at 200  ̶  500 oC. 
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Figure ‎4.4. Fe 2p spectra of the films deposited on heated substrate in oxygen  
(HO films), and post annealed at 200   ̶ 500 oC. 
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Figure ‎4.5. Resolution of the Fe 2p3/2 peak into two components corresponding to the 
 two oxidation states of iron. 
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Figure ‎4.6. Resolution of the XPS O 1s spectrum into low binding energy (LBE)  
component corresponding to the Fe – O bond, and high binding energy 
(HBE) component corresponding to chemisorbed oxygen. 
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CHAPTER 5  
Optical Properties 
Optical applications necessitate knowledge about the optical properties of the material. 
These include the refractive index (n), extinction coefficient (k), absorption coefficient 
(α), and the band gap (Eg). The optical properties of thin films are sensitively dependent 
on the preparation conditions and the models used to extract the optical constants from 
measured quantities. It is desirable to determine these properties as functions of the 
wavelength of light (or photon energy). In the case of the refractive index, such a relation 
constitutes the dispersion properties of the material.  
5.1 OPTICAL CONSTANTS 
Figures 5.1 and 5.2 show, respectively, the transmittance and reflectance of the films 
deposited on unheated substrates in vacuum (RW films). The transmittance spectra 
(figure 5.1) show that the as-deposited films and those annealed at 200
 o
C and 300
 o
C 
were opaque with poor transmittance. However, the transmittance of the films was 
improved upon annealing at 400
 o
C and 500
 o
C.  The RW films consisted of elemental 
iron and iron oxide at annealing temperature 200
 o
C and 300
 o
C, and were transformed 
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into pure α-Fe2O3 phase at 400 
o
C and 500 
o
C as was shown by the XRD results in 
Chapter 3. These oxide films had polycrystalline structure with larger grain size and had 
high surface roughness. Because of high transparency of the oxide films, only the optical 
constants of RW films annealed at 400 
o
C and 500 
o
C were taken into account. 
The transmittance and reflectance spectra of the films deposited on unheated substrate in 
oxygen (RO films) are shown in figures 5.3 and 5.4 respectively. Figures 5.5 and 5.6 
respectively, show the transmittance and reflectance spectra the films deposited on heated 
substrates in oxygen (HO films). The surface morphology, oxygen vacancies, defects, 
and polycrystalline structure influence the optical properties of thin films. These factors 
can enhance the scattering of light and reduce the transmittance of the films. In 
transmittance and reflectance spectra, maxima and minima were due to multiple-beam 
interference in the transparent region of the films, which is a characteristic of dielectric 
films. The transmittance of RW films annealed at 400 
o
C was higher than the films 
annealed at 500 
o
C. The higher transmittance at 400 
o
C may be attributed to low surface 
roughness of the films. The Rrms values of the films annealed at 400 
o
C was 6.2 nm, and 
was increased to 7.2 nm when the films were annealed at 500 
o
C. However the 
transmittance spectra for RO and HO films did not change significantly with annealing, 
which is due to fact that the roughness of films was not changed considerably as these 
films were annealed from 200 
o
C to 500 
o
C. The transmittance of all films was decreasing 
for wavelength 700 nm to 200 nm which is due to the fundamental absorption of 
semiconductors in UV-Vis-region. It should be noted that in some of the spectra there is a 
small kink appearing in between 800  ̶  900 nm which is due to the change of grating 
from IR region to Vis-region. 
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In the transparency region of the films (λ ≥ 600 nm), the transmittance spectra can be 
used to determine the optical constants of the films. The transmittance of a transparent 
film on a transparent substrate is given by [71,72] 
𝑇 =
16𝑛𝑠 𝑛
2 + 𝑘2 𝛽
𝐴 + 𝐵𝛽2 + 2𝛽  𝐶𝑐𝑜𝑠 4𝜋𝑛𝑑 𝜆  + 𝐷𝑠𝑖𝑛 
4𝜋𝑛𝑑
𝜆   
                             (5.1) 
where, 
𝐴 =   𝑛 + 1 2 + 𝑘2   𝑛 + 𝑛𝑠 + 𝑘
2  
𝐵 =   𝑛 − 1 2 + 𝑘2   𝑛 − 𝑛𝑠 + 𝑘
2  
𝐶 = − 𝑛2 − 1 + 𝑘2  𝑛2 − 𝑛𝑠
2 + 𝑘2 + 4𝑘2𝑛𝑠 
𝐷 = 2𝑘𝑛𝑠 𝑛
2 − 1 + 𝑘2 + 2𝑘 𝑛2 − 𝑛𝑠
2 + 𝑘2  
and ns is the refractive index of the substrate, d  is the thickness of the film, λ  is the 
wavelength of light, and β = exp(–4πkd/λ).  
In order to fit the experimental transmittance spectra using equation (5.1), the refractive 
index of the films was modeled by a single oscillator model [73]: 
𝑛 =  1 +
𝐸𝑜  𝐸𝑑
𝐸𝑜2 − 𝐸2
 
2
                                                                   (5.2) 
where Eo is the effective oscillator energy, Ed is the dispersion energy related to the inter 
band transition strength, and E is the incident photon energy (E = hc/λ). The dispersion 
energy (Ed) is directly related to the structural order of the films, where it increases with 
enhanced crystallinity [74]. The extinction coefficient of the films was modeled by 
Urbach law of exponential absorption below the band gap [75]: 
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𝑘 = 𝑘𝑜𝑒𝑥𝑝  
𝐸 − 𝐸1
𝛿
                                                                      (5.3) 
where ko is a constant, E1 is an energy representing the onset of sub-band gap absorption, 
and δ is the Urbach band energy width. The experimental transmittance spectra were 
fitted using equation (5.1), equation (5.2) and equation (5.3) as models for optical 
constant. The fitting parameters were Eo, Ed, E1, ko, and δ. The substrate refractive index 
was taken from reference [76]. The calculated transmittance spectra, employing the 
above models for n and k successfully fitted the experimental spectra throughout the 
transparency range with a correlation that was better than 99 %, as shown in figure 5.7. 
The best-fit parameters are given in Table 5.1, and were used to calculate the optical 
constants of the films. Figures 5.8 and 5.9 show the dispersion curves for n and k of RW 
films, respectively. The values of n and k were increasing with decreasing wavelength, 
and attained their maximum values at wavelength of 600 nm. The refractive index of the 
films was also increased from 3.0 to 3.1 with annealing temperature. The increase in n 
with annealing may be attributed to the improvement of crystallinity of the films, as can 
be seen in figure 3.2. On the other hand, these films did not possess high values of k, 
which also increased with annealing temperature. The dispersion curves for n and k of 
RO films are shown in figure 5.10 and 5.11, respectively; while figures 5.12 and 5.13 
show the dispersion curves for n and k of HO films, respectively. The refractive index of 
the films deposited on heated substrates (HO films) was higher than those of films 
deposited on unheated substrates (RO films). A similar trend was also observed in 
previous studies [77,78]. The variation of the refractive index with substrate temperature 
may be correlated with the density of the films. The low value of the refractive index for 
the RO films indicates that these films had relatively low packing density. Lowering of 
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the packing density is caused by the incorporation of oxygen during film growth [79], 
which may create voids that absorb moisture [80]. Moreover, collisions of the evaporated 
species with O2 molecules reduce their kinetic energy before reaching the substrate, and 
this will result in lower packing density [80]. Substrate heating provides thermal energy 
that increases the mobility of the atoms of the films, thereby increasing the packing 
density of the films [81]. This is supported by three observations. First, the thickness of 
the HO films was less than that of RO films. Second, the RO films had columnar 
structure indicating that there were more voids in these films. Third, the dispersion 
energy (Ed) was larger for the HO films, which is also correlated with densification of the 
films [82]. An estimate of film density may be obtained from the Lorentz-Lorenz relation 
[83]: 
𝜌𝑓
𝜌𝑏
=  
 𝑛𝑓
2 − 1  𝑛𝑏
2 + 2 
 𝑛𝑓
2 + 2  𝑛𝑏
2 − 1 
                                                                     (5.4) 
 where ρf  is the density of the film, ρb  is the density of the bulk material,  nf   is  the  
film’s refractive index, and nb is the bulk refractive index, whose value for Fe2O3 is 2.918  
at λ = 633 nm [84]. Using nf values of 2.075 for  RO films and 2.773 for HO films at λ = 
633 nm, the relative density (ρf /ρb) was 0.73 for the RO films, and 0.97 for the HO films. 
This indicates the compact and dense nature of the HO films as compared to RO films. 
The extinction coefficient of HO films was also higher than RO films. Similar to the 
refractive index, the extinction coefficient increases for the higher-density films [85]. 
Dense packing will reduce the voids within the film and increase absorption. Moreover, 
the extinction coefficient of the HO films had non-zero values up to λ = 1200 nm. This is 
also supported by the larger Urbach band energy width (δ) of these films. The values of 
the refractive index reported in the literature showed great variation based on the 
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experimental technique and conditions, post-deposition treatment, and analytical 
techniques used to derive the refractive index. Therefore, it is not unusual to obtain 
different values of n and k from the reported values in literature [77,78,82]. 
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Table ‎5.1. Summary of the best-fit parameters used in fitting the experimental transmittance spectra of the films 
Type 
Annealing 
Temperature 
o
C 
Eo (eV) Ed (eV) E1 (eV) ko  δ (eV) 
RW films 
400 2.96 12.47 2.87 0.06 1.65 
500 2.88 12.45 3.85 0.11 2.55 
RO films 
As-deposited 2.94 5.42 2.23 0.17 0.12 
200 2.89 5.23 2.21 0.16 0.12 
300 2.81 4.74 2.21 0.18 0.13 
400 2.79 4.73 2.18 0.15 0.12 
500 2.65 4.01 2.20 0.19 0.13 
HO films 
As-deposited 3.16 13.04 2.27 0.02 0.75 
200 3.23 13.62 2.50 0.08 0.42 
300 3.17 13.10 2.60 0.07 0.51 
400 3.29 14.04 2.56 0.20 0.34 
500 3.10 12.67 2.74 0.11 0.49 
       
RW: films deposited on unheated substrates in vacuum, RO: films deposited on unheated substrates in oxygen, HO: films 
deposited on heated substrates in oxygen 
.
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Figure ‎5.1. Measured normal-incidence transmittance spectra of the films deposited on 
unheated substrates in vacuum (RW films). 
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Figure ‎5.2. Measured normal-incidence reflectance spectra of the films deposited on 
unheated substrates in vacuum (RW films). 
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Figure ‎5.3. Measured normal-incidence transmittance spectra of the films deposited on 
unheated substrates in oxygen (RO films). 
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Figure ‎5.4. Measured normal-incidence reflectance spectra of the films deposited on 
unheated substrates in oxygen (RO films). 
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Figure  5.5. Measured normal-incidence transmittance spectra of the films deposited on 
heated substrates in oxygen (HO films). 
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Figure  5.6. Measured normal-incidence reflectance spectra of the films deposited on 
heated substrates in oxygen (HO films). 
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Figure  5.7. Fitting of the experimental transmittance spectrum of the film deposited on 
unheated substrate in oxygen (RO film) annealed at 200 
o
C by the model 
represented by equations 5.1  ̶  5.3. 
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Figure  5.8. Variation of the refractive index of the films deposited on unheated substrates 
in vacuum (RW films) with the wavelength of light. 
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Figure  5.9. Variation of the extinction coefficient of the films deposited on unheated 
substrates in vacuum (RW films) with the wavelength of light. 
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Figure  5.10. Variation of the refractive index of the films deposited on unheated 
substrates in oxygen (RO films) with the wavelength of light. 
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Figure  5.11. Variation of the extinction coefficient of the films deposited on unheated 
substrates in oxygen (RO films) with the wavelength of light. 
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Figure  5.12. Variation of the refractive index of the films deposited on heated substrates 
 in oxygen (HO films) with the wavelength of light. 
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Figure ‎5.13. Variation of the extinction coefficient of the films deposited on heated 
 substrates in oxygen (HO films) with the wavelength of light. 
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5.2 BAND GAP 
The transmittance of a thin film can be written as [86] 
𝑇 =
 1 − 𝑅 2exp⁡(−𝛼𝑑)
1 −  𝑅2exp⁡(−2𝛼𝑑) 
                                                                     (5.5) 
where R is the reflectance of the film. In the fundamental absorption region α > 104 cm-1, 
thus second term in the denominator of equation (5.5) is negligible. Therefore, equation 
(5.5) can be rewritten as 
𝑇 =  1 − 𝑅 2𝑒 −𝛼𝑑                                                                                 (5.6) 
Thus,  
𝛼 =
1
𝑑
𝑙𝑛  
 1 − 𝑅 2
𝑇
                                                                                 (5.7) 
Figures 5.14, 5.15, and 5.16 show the absorption coefficient of RW, RO and HO films, 
respectively, calculated using equation (5.7). The absorption of RW films with annealing 
did not change until the photon energy exceeded 2.3 eV, where the absorbency features 
of films annealed at 500 
o
C were decreased as compare to films annealed at 400 
o
C. On 
the other hand the absorption of films was increased with increasing the photon energy 
(IR to UV region) for both RO and HO films. RO films also showed a small increment in 
absorption behavior with annealing temperatures, as can be seen in figure 5.15. However 
annealing did not affect the absorption of HO films. 
In the absorption region, the absorption coefficient (α) and band gap (Eg) are related as 
[87]: 
𝛼 =
𝛼0
𝐸
 𝐸 − 𝐸𝑔 
𝜂
                                                                                    (5.8) 
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where αo is a constant with values between 10
5
 – 106cm-1 [87]. The constant η depends on 
the type of transitions involved: η = ½ corresponds to a direct allowed transition, and  η = 
2 corresponds to an indirect  allowed transition.  In order to obtain the band gap, (αE)1/η is 
plotted as a function of photon energy. The linear portions of the curves are fitted using 
linear regression analysis. An extrapolation of the linear regions of the plots gives the 
value of the band gap as the intercept to the horizontal axis (where αE = 0). Such plots 
are called Tauc plots and are shown in figure 5.17 for direct band gap and figure 5.18 for 
indirect band gap. The resulting band gap values are given in Table 5.2, where Egi 
denotes the indirect band gap and Egd denotes the direct band gap. It has been reported 
that α-Fe2O3 has an indirect band gap [88,89] as well as a direct band gap [82]. The 
reported values of the indirect band gap was in the range 1.38 eV to 2.09 eV [21,69,88–
91]. On the other hand, the reported values of the direct band gap were in the range 1.95 
eV to 2.35 eV [21,82,90,91]. We found the direct band gap and indirect band gap of all 
films to be 2.21±0.03 eV and 1.98±0.02 eV respectively, which are very well agree with 
the reported values. The value of direct and indirect band gaps of semiconductors can 
vary depending on the experimental conditions and variation in microstructure. The 
increase of the indirect band gap with substrate temperature was also reported for sprayed 
α-Fe2O3 thin films [91], although the opposite trend was reported for sputtered films [21]. 
However, we did not find substantial variation in direct as well as indirect band gaps 
because of annealing and substrate temperature. 
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Figure  5.14. Dependence of the absorption coefficient of the films deposited on unheated 
 substrates in vacuum (RW films) on photon energy. 
 
 
 
 
 
 
78 
 
 
 
 
 
Photon Energy E (eV)
2.2 2.4 2.6 2.8 3.0
A
b
s
o
r
p
ti
o
n
 C
o
e
ff
ic
ie
n
t 

 (
c
m
-1
)
0
5x10
4
1x10
5
2x10
5
2x10
5
As-deposited
200 C
300 C
400 C
500 C
 
Figure  5.15. Dependence of the absorption coefficient of the films deposited on unheated 
 substrates in oxygen (RO films) on photon energy. 
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Figure  5.16. Dependence of the absorption coefficient of the films deposited on heated 
substrates in oxygen (HO films) on photon energy. 
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Figure  5.17. A representative Tauc plot of a film deposited on a unheated substrate in 
oxygen (RO film) and annealed at 300 
o
C, showing the direct band gap of 
the film. 
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Figure  5.18. A representative Tauc plot of a film deposited on a unheated substrate in 
oxygen (RO film) and annealed at 300 
o
C, showing the indirect band gap of 
the film. 
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Table  5.2.  The calculated values of direct and indirect band gaps.  
Type 
Annealing 
Temperature 
o
C 
Egi (eV) Egd (eV) 
RW films 
400 2.0 2.18 
500 1.97 2.16 
RO films 
As-deposited 2.01 2.23 
200 2.00 2.24 
300 1.98 2.22 
400 1.95 2.20 
500 1.95 2.21 
HO films 
As-deposited 2.00 2.23 
200 2.01 2.23 
300 2.02 2.23 
400 2.00 2.23 
500 2.02 2.23 
    
RW: films deposited on unheated substrates in vacuum, RO: films deposited on unheated 
substrates in oxygen, and HO: films deposited on heated substrates in oxygen. 
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CHAPTER 6  
Conclusions and Future suggestions 
6.1 CONCLUSIONS 
In the present work, iron oxide thin films were fabricated by e-beam evaporation from 
pure iron. The effects of various experimental conditions, namely (i) deposition in 
vacuum and in oxygen ambient, (ii) deposition on heated and unheated substrates and, 
(iii) post annealing in range 200 
o
C – 500 oC were investigated. From the work, the 
following conclusions can be made. 
 In case of films deposited in vacuum (RW films), α-Fe2O3 phase was obtained by 
post annealing the films at 400 
o
C and above. 
 All the iron oxide films (α-Fe2O3) were polycrystalline with nano size crystallites. 
 The post annealing mostly effect the films deposited in vacuum as compare to the 
films deposited in an oxygen ambient. 
 The thickness of the films deposited in vacuum was changed from 113 nm to 229 
nm by post annealing, but the thickness of the films deposited in an oxygen 
environment remained significantly unaffected. 
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 The films deposited in vacuum had larger values of surface roughness, which was 
found to increase with annealing temperature. The crystallite size and lateral grain 
size of the films was also increased with post deposition annealing. 
 Although annealing did not influence the crystal size or surface roughness of the 
films deposited in oxygen (RO and HO films), it had a profound effect on the 
lateral grain size, where the largest grain size was obtained after annealing at 300 
o
C – 400 oC.  
 Films deposited on heated substrates were more compact and denser as compared 
to the films deposited on unheated substrates 
 XPS results indicated the presence of two oxide phases on the surfaces of the 
films, which is a reflection of the high reactivity of iron toward oxygen. 
 The transparency of films deposited in vacuum was changed with annealing. 
However the transmittance was unaffected for the films deposited in oxygen on 
heated and unheated substrates. 
 The films deposited on heated substrates had higher values of refractive index, as 
compared to the films deposited on unheated substrates in oxygen ambient. 
 All The films exhibited direct and indirect band gaps. There was no substantial 
change either in direct band or in indirect band gaps of all the films with 
annealing as well as growth temperature. 
 The main conclusion is that α-Fe2O3 thin films were prepared by the evaporation 
of pure iron. This represents a simple and economic method of obtaining these 
films. 
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6.2 SUGGESTIONS 
1. Grow the iron oxide thin films directly from α-Fe2O3 target using e-beam 
evaporation and compare it with other techniques. 
2. Investigate the magnetic properties of iron oxide films prepared by e-beam 
evaporation. 
3. Investigate the photoluminescence of these films  
4. Investigate the uses of these films in applications, such as: 
i. Gas sensing 
ii. Photovoltaics 
iii. Energy saving applications 
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